Systemic inflammatory responses, easily triggered by extracorporeal circulation (ECC), are a frequent, serious problem because the triggering of inflammatory and coagulation cascades, together with endothelial damage, can lead to multiple organ injury[@b1]. The lungs are among the organs most vulnerable to this type of injury because they contain an extensive capillary bed and abundant immune cells.

Key drivers of systemic inflammatory-induced pulmonary dysfunction are leukocyte activation and release of pro-inflammatory factors such as tumour necrosis factor (TNF)-α. TNF-α acts as a chemotactic signal to recruit circulating leukocytes, which accumulate inappropriately in lung tissue[@b2]. During these processes, platelets may also become activated, leading adhesive proteins on their surface, which include P-selectin and β3-integrin (also known as aIIbβ3 or GPIIb-IIIa), to bind to leukocytes. The resulting platelet-leukocyte complexes induce platelets to release various alpha-granule proteins, including coagulation factors, chemokines, and mitogenic factors[@b3][@b4][@b5], which influence neutrophil activity. For example, activated thrombin interacts with protease-activated receptor 1 on platelets[@b6], inducing P-selectin expression on the platelet membrane. This surface P-selectin interacts with glycoprotein PSGL-1 on neutrophils to give rise to platelet-leukocyte aggregates (PLAs). These aggregates alter the distribution of CD11b/CD18 (Mac-1) on neutrophils, promoting their crawling and recruiting them to inflamed vessels[@b7] and to inflamed lung tissue[@b8]. In these processes, platelets exert strong pro-inflammatory effects that damage tissue. Indeed, depleting platelets in animal models of lung injury ameliorates tissue damage[@b7].

In contrast to their pro-inflammatory effects, platelets can also exert anti-inflammatory effects. Alpha granules contain the anti-inflammatory factor transforming growth factor (TGF)-β[@b9]. Platelets release interleukin (IL)-10 that inhibits TNF-α secretion by monocytes[@b10]. They also inhibit the secretion of inflammatory mediators from macrophages via a mechanism involving cyclooxygenase type (COX) 1/2 during sterile and bacterial systemic inflammation[@b11]. The *in vivo* conditions under which platelets exert anti-inflammatory effects are unclear, as are the mechanisms involved.

Platelet count falls under certain inflammatory conditions such as during cardiopulmonary bypass[@b12], and transfusion of fresh platelets can prevent bleeding after cardiopulmonary bypass. These considerations led us to wonder whether and how platelets might protect against acute pulmonary dysfunction induced by a systemic inflammatory response. We examined this question using our previously characterized mouse model in which ECC leads to systemic inflammatory response, causing pulmonary dysfunction similar to that seen in humans[@b13].

Results
=======

Platelet transfusion attenuates ECC-induced lung injury
-------------------------------------------------------

Mice were subjected to ECC for 30 min, then treated with phosphate-buffered saline (PBS) or platelets and sacrificed at 60 min after ECC. Animals from both groups were also sacrificed at 5 min after ECC in order to count platelets immediately after ECC. In control animals, platelet count dropped by 50% from before ECC to immediately afterwards ([Fig. 1](#f1){ref-type="fig"}). Platelet count was 3.5-fold higher in the transfused animals than in control animals immediately after ECC, and this difference was significant (p = 0.01) even at 60 min after ECC.

Consistent with results we reported previously[@b13], ECC caused severe lung injury, which was observed as thickening of the alveolar wall, leukocyte infiltration ([Fig. 2A](#f2){ref-type="fig"}), lower PaO~2~/FiO~2~ ([Fig. 2B](#f2){ref-type="fig"}) and higher lung injury score than at baseline ([Fig. 2C](#f2){ref-type="fig"}). This lung injury resembles the lung injury induced by systemic inflammatory responses[@b14]. Transfusion of fresh unactivated platelets significantly enhanced pulmonary function (p = 0.03) and mitigated lung injury (p = 0.02; [Fig. 2A and C](#f2){ref-type="fig"}). These effects of platelets were eliminated when they were transfused together with Tirofiban, which blocks the GP-IIb/IIIa integrin on the platelet surface.

We wanted to examine the possibility that, in our mouse model of lung injury, platelets adhere to activated endothelium via GP-IIb/IIIa[@b15] and migrate to lung tissue to help repair it, as shown in other systems[@b16]. We exposed mice to ECC for 30 min, then injected them with green fluorescent protein-labelled (GFP+) platelets in the presence or absence of Tirofiban. Abundant GFP+ platelets were found in interstitial lung tissue in the absence of Tirofiban ([Fig. 3A](#f3){ref-type="fig"}), while they were rarely observed in its presence ([Fig. 3B,C](#f3){ref-type="fig"}).

Platelet transfusion attenuates ECC-induced pulmonary inflammation
------------------------------------------------------------------

Next we wanted to investigate possible mechanisms by which platelet transfusion can alleviate ECC-induced lung inflammation. ECC up-regulated TNF-α in lung tissue, which platelet transfusion significantly reduced (p = 0.04, [Fig. 4A](#f4){ref-type="fig"}). Similarly, ECC also increased levels of neutrophil elastase (NE), which platelet transfusion reduced (p = 0.03, [Fig. 4B](#f4){ref-type="fig"}). These inhibitory effects of platelets were reversed by Tirofiban. These results correlated with the ability of platelet transfusion to reduce leukocyte infiltration in lung interstitial space, and the ability of Tirofiban to increase it. Release of pro-inflammatory factors such as TNF-α from pulmonary monocytes induces leukocyte infiltration in lung tissue[@b17].

Platelets produce the anti-inflammatory factor TGF-β[@b17], which can regulate a broad range of immune cells[@b18]. Therefore we assayed the concentrations of TGF-β in lung tissue following treatment with platelets in the presence or absence of Tirofiban. Consistent with their observed anti-inflammatory effects, platelet transfusion led to significantly higher pulmonary TGF-β concentration (p = 0.03, [Fig. 4C](#f4){ref-type="fig"}) and concomitantly lower levels of TNF-α (p = 0.009, [Fig. 4D](#f4){ref-type="fig"}) and NE (p = 0.01, [Fig. 4E](#f4){ref-type="fig"}). These results suggest that TGF-β attenuates ECC-induced lung inflammation.

Platelet transfusion attenuates ECC-induced systemic inflammation
-----------------------------------------------------------------

Since platelet transfusion was observed to block leukocyte filtration, we examined whether platelets inhibit leukocyte activation by TNF-α or NE, which is a key step in their migration into lung tissue[@b19]. ECC increased plasma levels of both TNF-α (p = 0.03, [Fig. 5A](#f5){ref-type="fig"}) and NE (p = 0.03, [Fig. 5B](#f5){ref-type="fig"}), which platelet transfusion significantly lowered. Tirofiban partly reversed these platelet effects. These results suggest that circulating platelets may help attenuate systemic inflammation.

Since activated platelets can adhere to leukocytes to form PLAs, we examined whether platelet transfusion increased the numbers of PLAs. Indeed, transfusing platelets significantly increased levels of PLAs (p = 0.03) in parallel with levels of TGF-β (p = 0.02), and these effects were reversed by Tirofiban ([Fig. 5C](#f5){ref-type="fig"}).

Since platelets can release anti-inflammatory TGF-β when they interact with activated leukocytes, we examined whether the ability of platelet transfusion to increase the numbers of PLAs correlated with increased production of TGF-β. Indeed, platelet transfusion significantly increased TGF-β levels, and this effect was blocked by Tirofiban (p = 0.03, [Fig. 5D](#f5){ref-type="fig"}). In addition, levels of TGF-β correlated positively with numbers of PLAs (p = 0.007, [Fig. 5E](#f5){ref-type="fig"}), suggesting that transfused platelets were the major source of TGF-β. At the same time, levels of TGF-β correlated negatively with plasma levels of both TNF-α (p = 0.010, [Fig. 5F](#f5){ref-type="fig"}) and NE (p = 0.008, [Fig. 5G](#f5){ref-type="fig"}). These results suggest that circulating platelets exert anti-inflammatory effects, which are mediated at least partly by release of TGF-β from transfused platelets.

Discussion
==========

The present study provides *in vivo* evidence that platelets transfused after ECC protect lung function by interacting with circulating activated leukocytes and migrating to lung tissue; the transfused platelets release TGF-β into the blood and within lung tissue, inhibiting systemic and pulmonary inflammatory responses ([Fig. 6](#f6){ref-type="fig"}). These results raise the possibility that platelet transfusion may be a useful way to prevent and mitigate acute pulmonary dysfunction induced by systemic inflammatory responses.

Our results, combined with those of previous studies[@b7], highlight the ability of platelets to bidirectionally regulate the inflammatory response. On one hand, platelet activation can promote inflammatory responses. Changes in temperature, contact with non-physiological surfaces such as tubing and systemic heparinization can activate circulating platelets during ECC[@b13]. This activation leads to the release of molecules from intracellular granules into the circulation as well as to the translocation of molecules to the platelet surface, where they mediate aggregation with other platelets or leukocytes. In clinical experiments[@b20][@b21] and in our animal model, ECC-induced systemic inflammatory responses are associated with higher numbers of PLAs and higher levels of TNF-α and NE.

On the other hand, platelets can promote anti-inflammatory responses. We found that platelet transfusion strongly enhanced levels of TGF-β in circulation, and that these levels correlated positively with numbers of PLAs. At the same time, transfusion led to lower levels of both TNF-α and NE. Our findings suggest that TGF-β from transfused platelets helps counteract an excessive proinflammatory response following ECC.

Indeed, our experiments suggest that this anti-inflammatory mechanism directly mitigates acute pulmonary dysfunction induced by systemic inflammatory responses. Lung inflammation is characterized by the up-regulation of cytokine release from macrophages and monocytes residing in the lung interstitium, alveoli and airways. Key among these cytokines is TNF-α, which is secreted by activated macrophages, monocytes and neutrophils early in systemic inflammatory responses[@b22]. TNF-α acts as an initial inflammatory cytokine that subsequently regulates early neutrophil infiltration and helps recruit neutrophils from blood to sites of inflammation in the lung mesenchyma, as we observed in animals subjected to ECC. When we transfused the animals with platelets after ECC, the platelets localized to the lung interstitium, where levels of TGF-β were higher and levels of TNF-α and NE were lower than in control animals.

To assess whether interaction between platelets and endothelial cells is essential for transfused platelets to be able to migrate to lung tissue and attenuate inflammation there, we performed transfusion experiments in the absence or presence of the GP IIb/IIIa receptor antagonist Tirofiban. This inhibitor reduced the accumulation of platelets from GFP+ mice in lung interstitial tissue and led to more severe lung injury, suggesting that platelets must interact with endothelial cells in order to protect against injury resulting from systemic inflammatory responses.

This interaction may be related to mechanisms of leukocyte-platelet cross-talk via different receptor-ligands, which are only beginning to be understood. For example, platelet binding to the active region at the leading edge of polarized neurophils via interaction with Mac-1 (CD11b/CD18) regulates inflammatory pathways in one way, while platelet binding to the uropod via PSGL-1 regulates pathways in another way[@b7]. We found that inhibiting the interaction between GP IIb/IIIa on platelets and Mac-1 on leukocytes reduced the numbers of PLAs and enhanced both lung and systemic inflammatory responses, implying that the GPIIb/IIIa/Mac-1 signalling pathway helps mediate the anti-inflammatory effects of platelets.

Our results indicate a primarily anti-inflammatory role for the transfused platelets in our mouse model, begging the question of why the platelets show primarily those effects when numerous studies show them capable of *promoting* inflammation as well. For example, why were such different functional outcomes observed between the control and transfusion groups when they showed similar numbers of circulating platelets at 60 min after ECC? Further work is needed to clarify under what conditions platelets exert pro- or anti-inflammatory effects. The direction of effects may depend on mediators such as fibrinogen, which may act as a bridge to connect GP IIb/IIIa with Mac-1 following platelet activation[@b23]. The direction of effects may also depend on the timing of platelet transfusion. ECC increases levels of thrombin[@b24], which is a potent activator of platelets. It is possible that transfusing platelets before and during ECC would not mitigate systemic inflammation-induced injury, or might even exacerbate it, given that exposing blood to nonphysiological surfaces such as ECC tubing increases levels of thrombin and of pro-inflammatory factors such as TNF-α[@b24]. This implies that administering platelets after ECC may help ensure that they exert anti-inflammatory effects since the platelets will not be activated by ECC-triggered increases in thrombin or TNF-α. Future studies should directly examine the effects of transfusing platelets before or simultaneously with ECC.

The source of TGF-β in our experiments is most likely the transfused platelets, since these cells have been shown to contain high TGF-β concentrations[@b9] and to regulate TGF-β levels in circulation through secretion or degranulation[@b25]. Though leukocytes cultured *in vitro* also secrete cytokines, there is no direct evidence that such cells secrete TGF-β into plasma[@b26]. Nevertheless, we cannot entirely exclude the possibility that the observed increase in TGF-β comes from endogenous sources, such as leukocytes, endothelial cells, or even endogenous circulating platelets, perhaps in response to stimulation by the transfused platelets. Further work should directly examine the sources of TGF-β production following platelet transfusion.

The present study suggests that platelets play a critical role in mitigating systemic inflammatory responses and consequent acute pulmonary dysfunction after ECC. Future studies should verify and extend our findings by analyzing outcomes at times shorter and longer than 60 min in order to understand the processes behind platelet-mediated attenuation of lung injury. For example, it is unclear why numbers of circulating platelets in the control group fell below baseline within 5 min after ECC, and then later recovered to similarly high levels as in the transfusion group. It is possible that platelets are eventually released from organs such as the spleen into circulation. Future work should also examine the effects of transfusing different amounts of platelets: using too few may fail to give clinically significant effects, while using too many may raise safety concerns. Finally, future studies should examine how the dose and timing of platelet transfusion---as well as other factors---must be controlled in order to shift platelet-mediated bidirectional regulation of inflammatory responses towards net anti-inflammatory effects. Such work may lead to novel approaches to prevent and manage lung injury induced by systemic inflammatory responses.

Methods and Materials
=====================

Animal model
------------

This work involved our previously described mouse model of lung injury induced by a systemic inflammatory response following ECC[@b13]. Briefly, C57BL/6 mice were anesthetized by intraperitoneal administration of 50 mg/kg pentobarbital, intubated orotracheally with a 20-gauge angiocatheter (Becton Dickinson Medical Devices, USA), and then connected to a small rodent ventilator (Taimeng Keji, Chengdu, China). The respiratory rate was set at 130 breaths/min, and the tidal volume was 0.5 ml of room air. Surgical procedures were performed with the aid of an operating microscope offering 10--40x magnification (Precision Stereo Zoom Trinocular Microscope III, World Precision Instruments, USA). The right carotid artery was dissected out between the right strap muscle and sternocleidomastoid muscle. The omohyoid muscle was cut to improve visibility during the surgical procedure. After administration of heparin (500 U/kg), a 24-gauge intravenous catheter (Becton Dickinson Medical Devices) was inserted into the right carotid artery and another was inserted into the external jugular vein. To set up the ECC, these two catheters were connected with a tube (inner diameter, 1/32 inch) primed with 0.4 mL normal saline and attached to a roller pump (Stock II, Munich, Germany). The flow rate was maintained at 5 ml/min, corresponding to approximately 25% of cardiac output. Our previous work[@b13] has shown that this procedure does not alter the hemodynamics of the mice. All animal experimental protocols were performed in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Sichuan University. Experimental protocols were approved by Sichuan University.

Study design
------------

In experiments to examine the effects of ECC on platelet count, mice underwent ECC for 30 min and then immediately received phosphate-buffered saline (PBS, 0.1 ml) or platelets (0.1 ml, 3 × 10^8^ from 1.5 ml blood). They were sacrificed at 60 min later (n = 20 in each group). Additional animals (n = 20) were sacrificed at 5 min to assay the number of transfused platelets. To provide baseline data, 20 animals were anesthetized and sacrificed without ECC.

In experiments to examine the effects of platelets on the systemic inflammatory response and associated lung injury, mice underwent ECC for 30 min, after which they were treated with platelets (0.1 ml, 3 × 10^8^ from 1.5 ml blood), Tirofiban in PBS (0.1 ml, 60 μg/kg; Sigma-Aldrich, St. Louis, USA), the combination of platelets and Tirofiban, or PBS (n = 10 per group). After 60 min, blood and lung tissues were harvested and assessed for inflammatory cytokine levels and organ function. Control mice (n = 10) were naïve to any intervention and were analyzed in the same way.

Lung function and histological injury
-------------------------------------

At the end of the post-ECC observation period, arterial blood samples were taken from the carotid artery, and O~2~ tension (PaO~2~) was measured. Lung function was assessed by measuring FiO~2~/PaO~2~ ratio; FiO~2~ was assumed to be 0.21. Lung injury was assessed histopathologically by harvesting the left lung and fixing overnight in 4% paraformaldehyde at 4 °C. Paraffin-embedded sections were stained with hematoxylin and eosin and examined under a light microscope by a pathologist blinded to the experimental groups. Severity of lung injury was scored using a 5-point scale (0 = normal histology, 5 = most severe injury) that took into account alveolar congestion, haemorrhage, neutrophil accumulation in the airspace or vessel wall, alveolar wall thickness, and hyaline membrane formation. The mean score per section was calculated for each animal.

Platelet preparation
--------------------

Blood (1.5 ml) was collected from donor mice immediately before ECC and mixed with 0.1 ml of acid-citrate-dextrose buffer (Sigma-Aldrich, USA). Platelets were isolated as described previously[@b27]. Briefly, blood was centrifuged at 100 *g* for 10 min to collect the supernatant of platelet-rich plasma (PRP). Platelets were then pelleted from PRP by centrifugation at 740 *g* for 10 min. The platelet pellets were gently resuspended in 500 μl of PBS. For cell counting, platelets were loaded onto a haemocytometer and left to settle for 30 minutes. The final concentration was adjusted to 3 × 10^8^ in 0.1 ml for transfusion during experiments. Based on flow cytometry of cells labelled with anti-CD62 and anti-CD41 antibodies, \<1% of isolated platelets were activated at the time of transfusion.

Inflammatory cytokine levels in plasma and lung
-----------------------------------------------

To measure plasma markers of ECC-induced systemic inflammation in our model, blood samples were obtained at the end of the post-ECC observation period. Plasma was isolated by centrifuging the total sample for 15 min at 1000 *g* at 4 °C, and the plasma supernatant was removed and stored at −70 °C until analysis. Commercial ELISA kits were used to assay plasma levels of TNF-α and TGF-β (Thermo Scientific, Rockford, IL, USA) as well as neutrophil elastase (NE; Cloud-Clone, Houston, TX, USA).

To measure ECC-induced inflammatory changes of lung tissue in our model, the right lung was harvested, homogenized, and centrifuged as described[@b13]. Briefly, tissues were harvested on ice immediately after euthanasia and weighed. An aliquot of tissue (50 mg) was cut into 1-mm^3^ pieces, added to 500 μl PBS and homogenized. Samples were left standing on ice for 5 min and centrifuged at 3500 *g* for 20 min at 4 °C. Supernatants were transferred to Eppendorf tubes and stored at −70 °C until analysis, when they were assayed for TNF-α, TGF-β, and NE as described above for plasma samples.

Flow cytometric analysis of PLAs
--------------------------------

Blood samples were centrifuged at 100 *g* for 10 min, and the supernatant of PRP was discarded. The pelleted erythrocytes were lysed with ammonium chloride lysis solution at room temperature for 10 min, then washed 3 times in PBS. The activation status of leukocytes was determined as increased binding of PE-conjugated anti-CD11b antibody (eBioscience, San Diego, USA). For platelet studies, the population of cells positive for FITC-conjugated anti-CD41 antibody (eBioscience, San Diego, USA) was analyzed. Cells (1 × 10^6^) were incubated at 4 °C for 1 h with anti-CD11b and anti-CD41 antibodies, washed twice in 1 ml PBS, re-suspended in 500 μl PBS, and then analyzed by flow cytometry on an Esp Elite device (Beckman Coulter, Chicago, IL, USA). IgG1-FITC/PE antibody (eBioscience, San Diego, USA) served as a negative control.

Confocal microscopy
-------------------

To track the migration of transfused platelets, platelets were harvested from GFP-labelled mice (n = 4) as described above and injected after ECC. At the end of the observation period, the left lung was harvested and fixed overnight at 4 °C in 4% paraformaldehyde. Paraffin-embedded sections were analysed by confocal microscopy. The number of GFP-labelled platelets in lung tissue was counted in 200 fold microscopic fields.

Statistical analysish
---------------------

Statistical analysis was performed using SPSS 11.01 (IBM, Chicago, USA). Results were reported as mean ± SEM. Differences between two groups were assessed for significance using Student's *t* test; differences between more than two groups were assessed using one-way ANOVA. Pearson correlation analysis was used to identify associations between variables. The threshold for significance in all statistical tests was p \< 0.05.
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![Platelet counts in mice subjected to ECC after fresh platelet transfusion.\
Mice were subjected to ECC for 30 min, then given PBS (0.1 ml) or platelets (0.1 ml, 3 × 10^8^ from 1.5 ml blood) and sacrificed 5 or 60 min later (n = 20 per group). Platelet counts were determined. As a baseline group, 20 mice were sacrificed after 60 min without ECC. Data shown are mean ± SEM.](srep42080-f1){#f1}

![Platelet transfusion attenuates ECC-induced lung injury.\
Mice were subjected to ECC for 30 min, then treated with PBS, platelets (PLT), Tirofiban, or the combination of platelets and Tirofiban (ECC + PLT + Tirofiban, n = 10 per group). As controls, 10 mice (Naive) did not undergo any intervention. At 60 min after the various treatments, lung tissues were harvested (**A**), and organ function (**B**) and lung injury score (**C**) were evaluated. Lung sections were stained with hematoxylin and eosin and images were captured. Scale bar, 100 μm. Data shown are mean ± SEM.](srep42080-f2){#f2}

![Platelet migration into lung tissue.\
Mice(n = 4) were subjected to ECC for 30 min, then injected with platelets (3 × 10^8^) from GFP+ mice in the absence (**A**) or presence (**B**) of Tirofiban. At 1 h later, the left lung was harvested and fixed overnight at 4 °C in 4% paraformaldehyde. Paraffin-embedded sections were examined by confocal microscopy. The number of GFP+ platelets in lung tissue was counted in 200 fold microscopic fields. Scale bar, 100 μm. Green dots: GFP+ platelets.](srep42080-f3){#f3}

![Platelet transfusion attenuates ECC-induced pulmonary inflammation.\
Mice were subjected to ECC for 30 min, treated as described in the legend to [Fig. 2](#f2){ref-type="fig"}, and then the right lung was harvested 1 h later, homogenized, and centrifuged. Samples were assayed for TNF-α (**A**), neutrophil elastase (**B**), and TGF-β (**C**) using commercial ELISA kits. Levels of TGF-β correlated negatively with TNF-α (**D**) and with neutrophil elastase (**E**). Data shown are mean ± SEM.](srep42080-f4){#f4}

![Platelet transfusion attenuates ECC-induced systemic inflammation.\
Animals were treated as described in the legend to [Fig. 2](#f2){ref-type="fig"}, and their plasma was assayed for TNF-α (**A**), TGF-β (**B**), and neutrophil elastase (**D**) using commercial ELISA kits. The activation status of leukocytes was determined as up-regulation of CD11b. For platelet studies, the CD41-positive cell population was analyzed. The percentage of CD11b/CD41 cells, which provides an index of platelet-leukocyte aggregates, was determined by flow cytometry (**C**). Platelet transfusion led to significantly higher TGF-β levels, which were reduced by Tirofiban (**D**). Levels of TGF-β correlated positively with numbers of PLAs (**E**) and negatively with levels of both TNF-α (**F**) and NE (**G**). Data shown are mean ± SEM.](srep42080-f5){#f5}

![A model of how platelets alleviate ECC-induced inflammation.\
ECC induces a systemic inflammatory response, which activates platelets and neutrophils, leading the latter to degranulate and release pro-inflammatory factors into the lungs and blood. Following ECC, platelets migrate into lung tissue, where they release TGF-β and thereby inhibit pulmonary inflammation. At the same time, platelets release anti-inflammatory TGF-β into the blood.](srep42080-f6){#f6}
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